ABSTRACT: Fine-grained sediments are a major parent material in Ebro Valley soils. During the 1960s, the area was transformed by irrigation and soils underwent serious degradation processes. The sediments have a fine texture, high CaCO3 contents and high salinity-sodicity levels, and contain illite as the most important phyllosilicate in the fine fractions. Two groups of finely laminated organization have been recognized in terms of layer thickness and grain-size distribution. Based on texture, the microstructure of the silty and clayey layers is different, irrespective of their mode of formation; porosity characteristics also differ between layers, leading exclusively to a capillary evaporation flow that results in salinization of the plough horizons. The sediments are formed by two different mechanisms, each layer resulting from uninterrupted sedimentation of a suspension or from deposition of suspended particles by water discharge.
The materials of the Flumen-Monegros area in the Ebro Valley are Tertiary saline mudstones and sandstones covered mostly by Quaternary deposits. Such deposits contain fine-grained sediments, not only in the area studied, but also in others of the Ebro Valley (Porta et al., 1992) .
Fine-grained sediments are among the most important parent materials of the soils in the area. When the area was transformed by irrigation in the 1960s, the soils were levelled without preserving the plough horizons, which gave rise to the cropping out of subsurface materials; as a result, the soils experienced serious degradation processes such as loss of structure, salinization-sodification and crust formation (Herrero et al., 1989) . Moreover, the soils posed serious problems to the design and operation of drainage networks (Martfnez-Beltr~n, 1978) , as well as the failure from infilling of the drainage systems (RodrfguezOchoa et al., 1990) .
The purpose of this work was to gain a better understanding of the mechanisms of formation and the behaviour of the fine-grained laminated parent materials with a view to the management, preservation and improvement of the soils derived from them. To this end, samples of Tertiary mudstones and Quaternary and recent fine-grained sediments were studied.
MATERIALS AND METHODS
The studied area ( Fig. 1 ) lies in the FlumenMonegros irrigation district in the Province of Huesca (Northeastern Spain). The fine-grained sediments of the area (Fig. 2a,b ) are associated with geomorphological slope positions (slopes <5%), as well as with flat bottomed valleys where tributaries to the river Flumen flow (they have also been observed on the first terrace of the river).
The soils that developed on the fine-grained laminated sediments exhibit sodic characteristics, various types of solid translocation (clay and silt), and sodic illuviation of clay to form natric horizons in some cases. They have been classified as Xeric Torriorthents, Typic Xerofluvent and Typic Natrixeralf (Porta & Rodrfguez-Ochoa, 1991) .
The region has a semi-arid Mediterranean climate with mean annual precipitation, temperature and evapotranspiration (ET0, Blaney-Criddle method) of 480 mm, 14.5~ and 1200 mm, respectively. Samples of Miocene mudstones (Gabarda, Grafi6n, Curbe, Sodeto, San Lorenzo, Tardienta and San Juan, henceforth denoted by GA, GR, CU, SO, SL, TA and S J, respectively), fine-grained Quaternary sediments (Fraella, Polefiino, Monte Sodeto, San Juan de Flumen and Callen, denoted by FR, POL, MS, SJF and CAL, respectively), and recent sediments produced by erosion of the Quaternary sediments were collected (Fig. 1) .
Mineralogical identification was performed using a Philips PW 1130 diffractometer (graphite monochromated Cu-Ka radiation). Semi-quantitative estimations were obtained from XRD random powder and oriented aggregate patterns, using intensity factors reported by Schultz (1964) and Ortega (1979) .
Micromorphological studies were carried out by using air-dried undisturbed blocks which were impregnated with polystyrene resin. Thin-sections were described according to the criteria of Bullock et al. (1985) .
Scanning electron microscope (SEM) observations were made with a Zeiss DSM 960 in the backscattered and secondary electron modes. Selected small blocks were impregnated with LR white resin. Samples for transmission electron microscopy (TEM) were prepared according to Wierzch6s et al. (1992) , and examined using a Philips 300 microscope.
RESULTS AND DISCUSSION
Relative to Tertiary mudstones, the Quaternary finegrained sediments exhibit rhythmic lamination, and slightly increased pH and decreased electrical conductivity (EC), respectively. In most samples, silt predominates over clay, and these are the two dominant texture fractions (Table 1) . 
Mineralogy
The mineralogy of the various mudstones shows some differences according to location. Thus, GA, CU and GR samples contain less calcite than SO, SL, TA and SJ in all granulometric fractions (note the extreme values of GA and SO in Table 2 ). The highest calcite content was found in the 2 0 -8 and 8 -2 I.tm silt fractions, illite being the main component of the clay fraction. The mineralogy of the Tertiary and Quaternary materials is very similar and consistent with very slight weathering, controlled by the semi-arid conditions of the area. This is also confirmed by the lack of analcime and fibrous clay minerals. Taking into account the above-mentioned characteristics of the area, chlorite and pyrophyllite are probably inherited minerals.
The absence of gypsum is technologically significant to the management and reclamation of sodic materials as gypsum can act as a source of Ca 2+ ions and hence flocculate fine particles.
Morphology
Two groups of fine-grained sediments were recognized on all observation scales. Macroscopically, layer size was larger in the FR sample than in POL, MS, SJF and CAL. Micromorphologically, FR (Fig. 2c) exhibited a monic distribution, low and unconnected porosity, unistrial birefringence fabric, no pedality and wellgraded layers. The POL, MS, SJF and CAL samples (Fig. 2d ) exhibited variable distribution (monic or porphyric), weakly developed pedality and poorly graded layers.
The SEM study of FR samples revealed the formation of repeated cyclic sequences of parallel layers several millimeters thick (1-8). At the top of each layer, the clay fraction is dominant (Fig. 3a,  lower part) ; the middle portion contained less clay and was richer in silt particles (Fig. 3b) , and the bottom was composed mostly of silt grains (Fig. 3c,  top) . In POL, MS, SJF and CAL, well-graded layers occurred only sporadically (Fig. 3d ,e) and were thinner (<1 mm) than in FR samples. Most layers were of variable thickness and exhibited random grain-size sequences. Layers with distinct boundaries showed variable levels of sorting (Fig. 4a,b,c) .
Observation of the layers composed mostly of silt (Fig. 5a,b) revealed the skeletal type of microstructure (Sergeyev et al., 1980) . These layers form a loosely uniform porous skeleton. Skeletal porespace is made up of uniformly distributed interaggregate and interparticle open-type pores. The elongated particles and domains of phyllosilicates have a preferred orientation parallel to the layer margins. Layers composed mostly of clay Ph = Phyllosilicates, Q = Quartz, F = Feldspars, C = Calcite, G = Goethite, I = Illite, C1 = Chlorite, P = Pyrophytlite, -= not determined, nd= not detected, tr = traces show a turbulent type of microstructure (Sergeyev et al., 1980) where clay microaggregates are oriented along the bedding plane (Fig. 5c,d) ; at some sites, plane and closely enveloping silt grains which created local turbulence were observed. The interaction between clay microaggregates is of the face-to-face type and the pore-space is represented by very small, fissure-like, intermicroaggregate pores. From the morphological observations, it may be concluded that silty layer pores, <30 Ixm in diameter, are connected grain-packing voids. On the other hand, clayey layer pores can be described as loosely connected compound microaggregate packing voids <5 ~tm in diameter. These porosity characteristics are only consistent with negative effects; moreover, the occurrence of textural changes between layers (significant variations in pore size) creates a series of resistance systems that hinder descending flow and hence the removal of salts and soil improvement (Coiling-George, 1991) . Conversely, the pore size is appropiate for the capillary evaporation, which leads to salinization of the plough horizons. According to Rengasamy & Olsson (1991) , the formation of dense layers with a turbulent microstructure suggests the existence of chemical characteristics, such as salt concentration above a threshold value in the soil solution (Amezketa, 1992) that favours flocculation of clay particles. The release of Ca z+ ions from calcite should also be considered; in this regard, Shainberg et al. (1981) postulated that sodic soils containing minerals such as calcite, which readily release soluble electrolytes, will not disperse when leached by water.
Mechanisms of formation
The results from the macro-, micro-and submicromorphological studies allow the recognition of two groups of fine-grained laminated sediments resulting from two forms of deposition, uninterrupted sedimentation and flow deposition. In the former (FR samples), the formation of a well-graded and cyclic layer is a result of uninterrupted sedimentation from suspension, which occurs in undisturbed areas such as lakes and ponds. In the latter (POL, MS, SJF and CAL samples), layers are formed by deposition of suspended clay and/or silt particles from lateral flows during a single discharge cycle. The comPosition and thickness of these fine layers depends on the flow conditions (energy, solid/liquid ratio, particle size of suspended matter, physico-chemical conditions of clay dispersability, etc.) as well as on the slope of the land.
To date, the formation of fine-grained laminated materials has only been observed in Tertiary mudstones and other Quaternary fine-grained materials. The formation mechanisms are the same as those described above: flow deposition and uninterrupted sedimentation. Figure 4d shows a recent deposit collected from the surface of eroded FR sedimentary material that was formed by flow deposition. The formation mechanism for the current sediments can be used as model for the formation of the depositional crusts observed in the area (Herrero et al., 1989) .
C O N C L U S I O N S
The sediments studied have a fine texture, high CaCO3 contents, high salinity-sodicity levels and illite as the most important phyllosilicate in the fine fractions. Based on the physico-chemical and mineralogical results obtained, the Tertiary and fine-grained Quaternary materials have experienced very slight evolution due to the aridity of the prevailing climate. The sediments present a finely laminated organization, small pore sizes, abrupt changes in layer porosity, high dispersability in clayey layers with irrigation, slaking of silty layers and a lack of minerals such as gypsum. These characteristics are highly unfavourable for the resulting soils, know-ledge of which has allowed us to explain more accurately why attempts at transforming the soils by irrigation have failed, and why their management and reclamation are so difficult.
The sediments are formed by two different mechanisms. One produces layers which are well graded, that result from uninterrupted sedimentation from suspension. The other results in poorly graded layers produced by deposition of suspended particles by water discharge. These mechanisms can be used as models for the formation of the depositional crusts observed in the area. The microstructure of the layers varies with their texture, irrespective of the mode of formation.
